This paper describes a further development and characterization of vacuum arc thruster with external magnetic field. The velocity of ions moving from the micro-Cathode Arc Thrusters ( µCAT) cathode spots was measured using a set of grid probes along the path of the plasma plume expansion. The goal was to get the ion drift velocity and determine how much, if any, change of ion drift velocity occurs in the expanded plasma propagation path. It was found the ion drift velocity was increased when magnetic field increased (from 0 up to 200mT). The average ion velocity (cathode material is Ti) increases by factor of 2-3 up to about (3-4) × 10 4 m s −1 with magnetic field strength 200mT applied. Rotation of cathode spot as a result of an applied magnetic field is demonstrated by using Langmuir probes inserted inside the source channel azimuthally. Ion current distribution outside the thruster channel was measured using a set of special assemble of concentric circles plan probe alone the plasma propagation path. It is shown that plasma generated at the cathode spot is guided along the magnetic field line.
I. Introduction
Micro-Cathode Arc thruster (µCAT) based on a magnetically enhanced vacuum arc has been studied and its advantages for the control of nanosatellites were demonstrated 1 , 2 . In previous work 2 it is found that the magnetic field leads to cathode spot motion in the azimuthal direction, well-known as-J × B 3 , which causing uniform erosion of the cathode material. However, in order to better understand its potential, the µCAT requires detailed characterization, which is the objective of this work. In particular, ion velocity contributing to the specific impulse is measured as a function of an applied magnetic field, uniformity of the discharge contributing to the lifetime is investigated as well as plasma plume distribution contributed to plume contamination is analyzed.
In this paper, µCAT ion drift velocity was measured using a set of grid probes along the path of the plasma plume expansion. It is expected that the ion velocity is affected by the gradient of a magnetic field in the plume region. In this contribution, we investigate the flow of plasma on a set of equally spaced grid probe to observe, if any, change of ion drift velocity in the expanded plasma propagation path. Further, to characterize the cathode spot motion with presence of magnetic field, 4 Langmuir probes were used to measure the plasma spot rotation speed. A special assemble of concentric circular probes were employed alone the plasma propagation path in order to measure the ion current distribution outside the thruster channel.
II. Measuring principle and experimental setup A. Velocity Measurement
The basic method of measuring the average ion velocity is to use a time-of-flight method. Typically, there are three types of perturbations have been investigated in the past: current oscillations 4 , current spike 5 and abrupt termination of discharge 6 . But in µCAT system thruster Power Process Unit (PPU) 7 , a special triangle shape initial plus current supply make it possible to introduce a new type of velocity measurement method. Each method has advantages and disadvantages. In present experiment, initial peak was use to mark the ion current in the velocity measurement. In other words, there is no extra wave or perturbation current was added into the thruster power supply system, thus, initial current peak method do not change the ion charge state 4 to obtain the real ion velocity. In contrast to the one probe measurement, we follow the propagation of the plasma plume using 4 grids specially distributed in the axial direction along the plume, thus allowing measurements of the ion velocitydistribution. Figure 1 shows the experimental setup. Each grid probe was biased (50V) negatively with respect to the ground. The distances of four grid probes from the cathode and isolator surface were 7.5cm 12.5cm 17.5cm and 22.5cm respectively. Each gird probe was designed with the hole of about 1cm
2 of an open space and the grids are made of the copper wires with the diameter of about 0.1mm. In this case, the size of the opening is larger than the Debye length to ensure that the plasma passes through the previous grid to the next one. The signals were recorded using one 4-channel digital oscilloscopes. The 4 circle grid probes were positioned same axis Z as the thruster so as to maximum the ion current on the flow. Anode and isolator ring lengths were about 2 and 1 mm respectively. The insulator is coated with a carbon paint (colloidal graphite in isopropanol) having resistance of the order of 1-10 KΩ (before the arcing). The first grid probe was 75mm from the cathode and isolator surface. Due to the ground issue, the oscilloscope now is ground-free respect to the ground of the thruster cathode.
Grid Probes
The current experimental set up with 4-probes can produce set of three velocities by considering the time difference between each two gird probes. ∆t is the time difference correspond the pervious current peak and the next current peak as shown in the ( Figure 2 ). The average ion velocity could be simply calculated by:
The ∆s is the distance between each two grid probes and the ∆t is the time of neighboring probes peak current time difference. ν is the average ion drift velocity between each two probes.
The thruster uses the inductive energy storage for the Power Process Unit (PPU). For detail please see ref. 8 . Generally, PPU operates in two steps. On the first step, when the switch (IGBT or MOSFET) is open, the inductor will be charged by the DC power supply (average from 20 to 30 V). On the second step, energy accumulated in the inductor is applied to arc electrodes (when the switch is closing). This results in a peak voltage of LdI/dt (up to several hundred volts) between electrodes and causes the breakdown. At these conditions breakdown occurs at about 100 V 8 . The magnetic coil was powered by a trigger pulse power source. Although pulsed, the magnetic field is stationary in the scale of the short current spike.
B. Cathode Spot Rotation Measurement
Four Langmuir probes assembled together were inserted axially and placed azimuthally inside the thruster channel as shown in Figure 3 in order to monitor cathode spot location. Probes were covered with insulating heat shrink tubes along their entire length except small part (about 1 mm) facing the cathode-isolator interface. Probes were biased to about -50 V with respect to grounded cathode in order to collect the ion saturation current.
C. Thruster Plume Distribution Measurement
To measure the spatial distribution of thet ion current in the plume, special assemble of concentric circles plan probes were used as shown in Figure 4 . The concentric circles plane probe was biased -50V with respect to the cathode. 
III. Experimental Results
A sample of the initial peak current is shown in the Figure 2 . One can clearly see the time delay between each neighbor grid probe. Due to the uncertainty in the exact positions of maximum of the ion current, we calculated data errors as shown in Fig.5 . Figure 5 shows the case of ion velocity dependence on the magnetic field strength. Large amount of data from similar current waveformshown in the Figure 2 were gathered to generate the general tends as shown in the Figure 5 . One can see some interesting features from the Figure . There is a general trend of the ion velocity increase with the magnetic field. Ion velocity is about 1 − 2 × 10 4 m/s in the case of a zero magnetic field. The velocity in the case of a zero magnetic field depends on the cathode material as summarized in Ref. 6 . When the magnetic field is added, one can clearly observe the increase of the ion velocity. In particular, when the magnetic field increase up to about 0.25 T the ion velocity increases up to 3 − 4 × 10 4 m/s as shown in Figure 5 Moreover, one can observe the changes in the velocity distribution in the axial distance: the velocity increase from 75mm-125mm to 125mm-175mm while the ion velocity decrease from 125mm-175mm to 175mm-225mm. The ion velocity decrease at large distances can be explained by plasma plume expansion generally leading to decrease in the axial velocity component.
Cathode spot rotation speed dependence on he magnetic field was measured by 4 Langmuir probes and is shown in the Figure 6 . It is known that the magnetic field leads to cathode spot motion in the azimuthal direction, well-known as −J × B 4 which causing uniform erosion of the cathode material. One can see that at 0.05 T magnetic field strength, the cathode spot rotation speed is about 20 m/s. But, in contrast to the lower magnetic field strength, cathode spot could reach a rotational speed of about 100m/s at 0.3 T magnetic field. Figure 7 shows the spatial distribution of output ion current by using special assemble concentric circles plan probe. One can see that with zero magnetic field strength, the ion current was concerted in the axis of the thruster. However, with increase of the magnetic field, ion current was well guided by the magnetic field line. It is important to notice that the last figure in the Figure 7 , when the magnetic field increased to 0.25 T, all of the ion current following the shape of the magnetic field. This may give the explanation how ion draft velocity changed along the plasma propagation path. It should be pointed out that the gradient of magnetic field increased along the thruster axis, so, in stronger magnetic field could attract plasma and magnetized charged particle will be affected by move in and move out of the magnetic field region.
IV. Status of VPM Development based upon MECT
Research work has begun at GWU on the design and development of the first generation of engineering prototypes for a new class of Electric Propulsion (EP) System based upon µCAT development, designated Variable Plasma Microthruster (VPM). These units are intended for use in space applications as Integral Propulsion Systems for nanosatellite class spacecraft with specifications / parameters similar to Table 1 . Two VPM modules recently been included in the manifest for a Low Earth Orbit (LEO) space weather observation mission proposal, in order to investigate and map natural and actively initiated Transient Luminous Events using a CubeSat class spacecraft, designated MANTLE for (M)apping of (A)ctively-initiated and (N)atural (T)ransient (L)uminous (E)vents. Additional dimensions/specifications for the VPM micro-controller and interface hardware were yet to be finalized at publication time. Given the very small size of a first generation VPM, any space mission utilizing the module will have limited, Average power consumed by spacecraft 0.5-1W (1 pulse/s repetition rate) Thruster System Footprint 1 inch × 1 inch Total mass of subsystem including PPU, excluding VPM micro-controller, and C&DH interface 200 g (estd)
Total propellant mass (6 cm length Ti cathodes) 60 g (estd) Volume < 100cm
3
Thruster operating time (each pulse) 200∼500µS
Lifetime limit (for) ∼300 days at 10 pulse/s or ∼7 years at 1 pulse/s Total number of arc pulses for lifetime ∼10
8
Arc Current Up to 100A Thrust 0.2∼0.6 mN/A Specific Impulse, Isp (s) 1000∼3000s Table 1 . First Generation VPM specifications (Mid-2010) but useful, on-orbit maneuvering capabilities due in part to the extremely miniscule thrust produced, despite attractive figures for Thrust/Power and Specific Mass. Investigations are underway to accommodate the requirements of space mission as enumerated in Table 2 by combining multiple VPM modules into arrays that can be controlled using a microcontroller. Sample configurations of single, parallel, 1-axis fore/aft thrusters are shown in Figure 8 Utilizing a triple set of 1-axis VPM Array, coupled with onboard Attitude Determination and Control System, a spacecraft can be equipped with full six degrees of freedom thruster assembly, limited only to available renewable energy (e.g., Solar) or long duration energy source (e.g., Radioisotope Thermoelectric Generator, etc.) and solid propellant as cathode (e.g., Titanium rods in a replenishable container) for extended duration missions in deep space, such as interplanetary missions to Mars. To validate and verify the development of VPM and mature it into a ready-to-deploy design, several research topics have been identified at GWU in view of the complex space system engineering requirement for industry acceptance 9 . These topics are briefly enumerated in Table 3 . It should be obvious that thruster function is a vital part of any space mission, and requires more consideration than that of a science instrument, as it has to work when commanded, and if not required, has to be, without fail, turned off at all times. In addition, for the CubeSat class of spacecraft, flying as a secondary payload, thrusters will have to be shipped for spacecraft integration to the launcher/booster in disabled condition. The units will only be allowed to be used on-orbit, after extensive on-ground technical readiness review, For extended use in a space mission, manual and automatic methods for replenishing propulsion materials 
V. Conclusion
In this further experimental research, it was demonstrated that an applied magnetic field leads to several interesting effects. A magnetic field results in arc rotation which, in turn, leads to homogenous erosion critical for thruster long time performance. The rotation velocity of arc spot has been measured. It was shown that output ion draft velocity increased twice by increasing magnetic field strength. By experimental result of ion current distribution, we make some preprimary analysis of ion velocity affected by the magnetic field line. Space applications of µCAT in the form of VPM, was also discussed.
